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IBTBODUCTIOK 

The  role  of  materials  in  the  ship  fracture  problem  is  obvious. 
If  such  materials  were  not  susceptible  to  brittle  failure,  the 
problem  would  cease  to  exist.  With  the  objective  of  a final 
evaluation  of  weldable  steels  as  to  their  suitability  for  merchant 
vessel  construction,  a wide  experimental  program  was  Initiated  by 
the  Board  of  Investigation  to  Inquire  into  the  Design  and  Methods 
of  Construction  of  Welded  Steel  Merchant  Vessels  CD*  and  continued 
by  the  Ship  Structure  Committee^ 2 It  was  the  objective  of  the 
research  program  conducted  at  the  Pennsylvania  State  College  under 
Bureau  of  Ships  Contract  NObs-31217  to  correlate  the  work  conducted 
for  the  Board  and  the  Ship  Structure  Committee.  This  final  report 
attempts,  therefore,  the  correlation  of  the  results  of  the  entire 
"material"  research  program  as  conducted  between  19^4  and  approxi- 
mately the  end  of  1950.  This  program,  in  abbreviated  outline,  is 
given  below. 

mmm  BESs&asH  mosm 

The  specifications  for  th»  Liberty  ship  called  for  a medium 
steel.  Such  steel  can  be  furnished  in  rimming,  semi-killed,  and 
fully  killed  grades.  In  order  to  supply  a series  of  steels  which 
would  have  appreciably  different  fracture  characteristics  in  the 
projected  tests,  the  steels  listed  in  Table  A were  supplied  by 
different  mills.  These  steels  have  been  generally  designated  as 


♦For  numbers  in  parenthesis  see  Bibliography 


'•project1’  steels*  These  steels  were  studied  extensively  under  the 
cooperative  research  programs  conducted  at  the  University  of  Califor- 
nia, the  David  W.  Taylor  Model  Basin,  the  University  of  Illinois, 
the  New  York  Naval  Shipyard,  the  Pennsylvania  State  College,  and 
Swarthmore  College. 

The  research  programs  conducted  at  the  respective  laboratories 
were  designated  as  follows: 

David  ft.  Taylor  Model  Basin:  (a)  Flat  plate  tests. 

Zbs.  BalYSSal&S  at  ££U l££fll&»  ElfljJtfcfc  §B=2fc»  00  Flat  plate 

tests,  (b)  large  tube  tests,  (c)  similitude  tests,  (d) 
bend  tests,  (e)  full-scale  hatch  corner  tests. 

2b&  UnlyflCfiAty  fil  Illinois.  ££&l££l  §Rt-21»  (a)  Flat  plate 

tests,  (b)  impact  tests. 

&££  2S£k  MmL  Shipyard.  Prgjssfr  SR-iQtt:  (a)  Standard 

impact  tests,  (b)  Navy  tear  tests. 

PrftjfiSl  Ca)  12~inch  plate  tests, 

(b)  aspect  ratio  tests. 

Ska  Eanngylyfiala  ££&ia  college.  Eratesi  sa-96t  (a)  impact 

tests,  (b)  slow  bend  tests,  (c)  edge-notched  bar  tension 
test,  (d)  low- temperature  tension  tests,  (e)  strain-gradient 
measurements . 

In  addition  to  the  above  tests  conducted  all  or  in  part  on 
the  project  steels,  tests  were  run  on  certain  additional  mild  and 
high  strength  steels.  The  augmented  testing  program  included  the 
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indicated  tests  run  at  the  following  laboratories: 

university  oi  ualliornia,  Project  SR- 92:  (a)  Restrained 

welded  specimen  tests  on  high  strength  steels,  (b)  edge- 
notched  bar  tension  tests  (c)  12-inch  plate  tests. 

David  Taylor  Us&Sl  tela?  Project  SR- 10  5*  (a)  12-inch 

plate  tests  on  mild  steels  taken  from  fractured  Liberty 
ships,  (b)  edge-notched  tar  tension  tests. 

Ml  Xaris  teal  Shipyard.  Pxaiect  SJR-1Q4:  (a)  Tear  tests 

on  selected  mild  end  high  strength  steels. 

The  results  of  the  tests  conducted  on  the  above  program  will 
be  discussed  at  length  in  the  following,  but  before  these  data 
are  examined  it  may  prove  profitable  to  consider  certain  generali- 
zations which  may  be  made  with  reference  to  the  ductile-brittle 
transition  and  which  must  be  considered  in  the  ultimate  evaluation 
of  the  ship  fracture  problem. 

mamw  pbmpmsm 

The  ductile-brittle  transition  as  it  is  encountered  in  mild 

steel-  has  in  the  past  generally  been  associated  with  the  impact 

test.  In  the  impact  test  it  is  customary  to  give  the  results  in 

terms  of  the  work  required  to  break  a specified  test  bar.  This 

work  to  failure  has  been  found  to  vary  with  temperature  for  a 

(k) 

suitable  test  specimen  as  in  Figure  1 . Thus  at  relatively  high 

temperature  much  work  is  required  to  fracture  the  specimen,  while 
at  relatively  lower  temperature  little  work  is  required  to  fracture 
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the  specimen.  The  high  temperature  condition  is  known  as  the  ductile 
or  tough  condition,  while  the  low  temperature  condition  is  known 
as  the  brittle  condition,  with  the  intermediate  range  being  desig- 
nated as  the  transitional  range,  or  the  ductile-brittle  transition. 

Of  the  many  factors  which  modify  the  ductile-brittle  transi- 

* 

tion  in  mild  steel,  unquestionably  the  most  important  is  the  stress 
system.  It  is  not  possible  considering  present  knowledge  to  discuss 
fully  the  phenomena  associated  with  the  ductile-brittle  transition, 
as  the  stress  system  is  arbitrarily  varied}  but  certain  reasonably 
integrated  data  are  now  available  for  consideration  on  this  point. 

In  the  sections  immediately  below,  the  behavior  of  steels  tested 
under  certain  uniaxial,  biaxial,  and  triaxial  stress  systems*  will 
be  considered* 

Following  this, the  criteria  of  the  ductile-brittle  transition 
will  be  noted,  and  generalizations  concerning  metallurgical  struc- 
ture, fatigue,  velocity  of  loading  and  size  effect,  as  pertinent, 
will  be  introduced. 

iZoi&Xi&l  Stress  --  Slfi  Xga&ilfi  last*  If  a mild  steel 

is  tested  in  tension  in  an  appropriate  temperature  range,  a transi- 
tion to  brittle  behavior  will  be  observed  as  is  indicated  in  Figure 
2.  This  transitional  behavior  is  comparable  to  that  observed  in 
the  impact  test  on  notched  bars,  but  the  test  bar  used  here  is  a 
standard  test  bar  and  does  not  contain  an  artificial  notch.  Thus 
it  any  be  concluded  that  an  external  notch  is  not  required  to  induce 

*The  terms  ’^uniaxial,  biaxial,  and  triaxial"  are  somewhat  loosely- 
applied  and  at  best  apply  with  good  approximation  only  during  the 
initial  steps  of  loading . 


brittleness  in  such  steels,  and  the  brittleness  observed  must  be 
considered  an  intrinsic  property  of  these  materials  tested  in  tension. 

In  the  further  analysis  of  tensile  test  data,  it  is  informa- 
tive to  compare  the  yield  strengths  and  the  fracture  strengths  as 
is  done  in  Figure  3*  It  is  evident  that  the  transition  from  ductile 
to  brittle  behavior  takes  place  at  a temperature  at  which  the  yield 
and  fracture  strengths  are  in  near  coincidence.  This  does  not  per 
se  preclude  ductile  behavior,  but  this  phenomenon  has  been  used 
explaining  brittle  behavior.  Thus,  Le  Chatelier^  has  argued  that 
the  coincidence  of  the  yield  and  fracture  strengths  would  serve  to 
localise  plastic  distortion  with  a consequent  reduction  in  energy 
absorption.  On  the  other  hand,  Ludwik^,  in  a consideration  of 
comparable  data,  has  proposed  that  two  strength  factors  exist, 
namely,  flow  and  fracture  strengths,  and,  in  general,  the  flow 
strength  is  less  than  the  fracture  strength.  When  the  flow  strength 
atfc&ins  a va'ue  equal  to  that  of  the  fracture  strength,  failure 
ensues.  In  both  of  these  analyses  of  the  ductile-brittle  transition, 
the  nature  of  the  fracture  process  is  not  explained.  There  is  no 
differentiation,  therefore,  of  two  classes  of  fracture  phenomena 
as  indicated  by  the  terms  shear  (fibrous)  and  normal  (cleavage)  type 
failures.  This  latter  differentiation  should  be  made,  as  from  a 
practical  point  of  view  it  may  be  important. 

The  introduction  of  the  concepts  of  two  fracture  types  on  the 
fracture,  flow- strength,  temperature  diagram  was  first  undertaken 


as 
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by  Davidenkov^  and  has  subsequently  been  variously  modified 
for  example  in  Figure  4-C8)  * This  type  oi  diagram  is  phenomeno- 
logical in  character  and  does  not  aid  in  a basic  understanding  of 
the  fracture  process.  It  is,  however,  an  informative  construction 
and  because  of  this  has  proven  to  be  of  considerable  value. 

It  is  interesting  to  consider  the  change  in  fracture  appearance 
as  a means  of  differentiating  ductile  from  brittle  failure.  Fracture 
type  data  are  plotted  in  Figure  1 for  comparison  with  the  energy 
absorption  data,  and  it  is  seen  that  the  two  transitional  phenomena 
do  not  agree.  This  is  a point  well  worth  emphasizing,  for  as  will 
become  evident  below,  the  non-agreement  in  the  transitions  in  energy 
absorption  and  fracture  appearance  is  the  rule  for  small  specimens) 
and  it  Is  only  for  very  limited  conditions  that  agreement  in  these 
two  transitions  is  achieved. 

The  treatment  of  tensile  test  data  by  the  method  of  Ludwik, 
while  Initially  holding  promise  for  a solution  of  the  problems 
associated  with  the  intrusion  of  brittleness  in  mild  steels  unde? 
certain  conditions^ of  testing  and  use,  have  under  further  inspection 
proved  to  be  unsatisfactory.  This  does  not  mean , however,  that 
tensile  test  data  may  not  ultimately  prove  of  much  importance  in 
the  analysis  of  the  fracture  behavior  of  steels. 

Thus,  it  may  be  that  the  fracture  characteristics  of  a steel 
are  intimately  connected  with  the  ability  of  that  steel  tp  pro- 
pagate strain^.  The  propagation  of  strain  is  envisaged  as 
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depending  on  two  quantities,  namely,  a work  hardening  exponent  and 
a velocity  coefficient  wnich  is  similar  to  a viscosity  coefficient. 
These  two  quantities  are  not  easy  to  separate  and  cannot  be 
separated  in  the  standard  tensile  test.  By  testing  at  a series 
cf  temperatures  in  the  vicinity  of  that  of  liquid  air,  however, 
it  can  be  shown  that  the  strain  hardening  exponent)!  defined  by 

ft 

the  equation CT-CQS  , varies  with  the  temperature.* 

Extreme  values  for  the  project  steels  studied  are  presented 
in  Figure  5.  These  date,  at  present  cannot  be  used  directly  to 
predict  the  fracture  characteristics  of  mild  steel,  but  it  Is 
significant  that  the  steel  showing  the  minimum  value  of7?.&t  low 
temperature  has  the  highest  transition  temperature  in  the  notched 
bar  tests* 

Biaxial  Stress  Loading!  Three  sets  of  data  will  be  considered 
here  comprising  the  results  of  sphere^ 10 ^ , tube ^ 11 ^ , and  torsion 
tests^^*  For  the  sphere,  to  a close  approximation,  the  stress 
system  is  balanced  biaxial  tension;  for  the  tubes  it  is  biaxial 
tension  with  a variable  ratio  of  the  principal  stresses;  for  the 
torsion  test,  the  principal  stresses  are  a tensile  stress  and  an 
equal  compression  stress. 

The  spherical  test  specimen  diagrammed  in  Figure  6 was  made 
of  a steel  comparable  to  Project  Steel  A.  The  fracture  charac- 
teristics of  this  specimen  were  studied  at  numerous  temperatures, 

*71. here is  a complex  quantity  comprising  both  a strain  hardening 
exponent/?  © and  a velocity  coefficient'7?^.  These  two  quantities 
•anno t be  separated  by  ge&ns  of  the  data  collected  here* 


with  the  pertinent  data  being  summarized  in  Figure  7.  It  is  evident 
from  this  figure  that  for  the  temperature  range  covered  there  is 
indicated  no  transition  in  ductility,  despite  the  fact  that  by 
fracture  appearance  this  transition  was  observed  at  about  60°F. 

It  should  be  noted  that  the  presence  of  a flaw  In  the  sphere  (as 
perhaps  arising  from  a faulty  weld)  was  a positive  embrittling 
factor* 

For  purposes  of  comparison,  slew-bend  test  data  for  this  steel 
are  described  in  Figure  8,  wherein  it  is  revealed  that  the  transi- 
tion as  Indicated  by  fracture  appearance  for  the  two  tests  is  in 
good  agreement.  This  perhaps  suggests  that  failure  of  the  spheres 
took  place  only  after  the  development  of  effective  notches  in  the 
course  of  straining,  with  these  notches  bringing  about  failure. 

The  tube  sp^.xmen  which  was  tested  in  biaxial  tension  is 
shown  in  Figure  32.  The  test  data  are  summarized  in  Table  3^*^» 

The  temperatures  of  testing  of  the  tubes  are  so  far  apart  that 
it  is  not  possible  to  state  transition  ranges,  but  the  transition 
in  fracture  appeararice  lies  at  about  709F.,  while  the  transition 
in  ductility  presumably  lies  at  a somewhat  lover  temperature ) . 

It  is  interesting  to  note,  however,  that  for  these  tubes  either 
welds  or  structural  defects  were  primarily  responsible  for  failure, 
and  therefore  these  tube  specimens  in  the  main  may  be  considered  as 
having  failed  prematurely.  In  other  words  failure  of  the  tubes  was 
initiated  by  some  localized  stress  raiser  and  only  indirectly  by  the 
principal  biaxial  stress  system. 


The  sphere  and  tube  tests  were  conducted  on  specimens  which 
may  be  considered  as  large  compared  to  standard  laboratory  test 
specimens.  Despite  the  size  of  the  specimens,  high  ductility  was 
observable,  particularly  in  the  sphere  tests,  and  presumably  in- 
dicated in  the  tube  tests  in  the  absence  of  crack  initiators  and 
at  temperatures  which  must  be  considered  as  low  for  the  steel  being 
used.  On  the  other  hand,  for  both  the  sphere  and  tube  tests  the  • 

transition  in  fracture  appearance  occurred  at  relatively  high 
temperatures,  and  these  temperatures  are  sensibly  those  predicted 
by  small  scale  notched  specimen  tests. 

In  comparison  with  the  sphere  and  tube  tests,  the  torsion 
tests  conducted  by  Larson^12)  may  be  considered  as  small  scale 
tests,  and  the  element  of  size  effect  enters  in  the  consideration 
of  transition  phenomena . The  test  bar  used  by  Larson  is  indicated 
in  Figure  9 and  was  made  from  steels  C and  E.  The  test  data  re- 
ported are  not  sufficient  to  describe  fully  the  transition  phenomena , 
but  the  transition  in  energy  absorption  definitely  lies  below 
-190°C,  while  the  transition  in  fracture  appearance  definitely  lies 
above  -190°C,  but  below  -70°F.  It  will  be  noted  that  for  these  steels 
th«?  transition  in  ductility  in  the  tension  test  lies  above  -190°C. 

The  above  results  may  be  summarized  briefly  by  stating  that  the 
loading  of  a specimen  in  biaxial  tension  will  not  in-  general  lead 
to  brittle  failure  unless  the  temperature  is  excessively  low.  In 
a specimen  plastic  flow  is  Initiated  which  ultimately  leads  to  the 


development  of  an  effective  notch.  Once  this  condition  is  reached 
for  a large  specimen,  failure  may  result  by  the  cleavage  mechanism, 
if  the  temperature  of  the  specimen  is  at  or  below  the  transition 
temperature  indicated  by  a notched  specimen  such  as,  for  example, 
the  slow  bend  test  specimen. 

From  the  torsion  test  data  it  may  be  emphasized  that  the 
cleavage  fracture  and  the  temperature  range  in  which  it  is  found 
for  a given  steel  is  by  no  means  rela table  to  a basic  reference 
temperature  which  has  a simple  physical  significance.  Presumably 
in  the  compression  test  these  steels  would  have  no  ductile-brittle 
transition. 

Trlaxial  Stress  Loading!  Perhaps  the  simplest  way  in  which 
a trlaxial  stress  system  can  be  developed  is  by  the  introduction 
of  a notch  in  a bend  test  member.  In  general  the  more  acute  the 
notch,  the  more  marked  is  the  trlaxiality  of  the  resultant  stress 
system,  but  for  an  edge-notched  bend  bar  this  stress  system  has  in 
general  the  characteristics  indicated  in  Figure  10^).  This  stress 
system  is  complex  and  cannot  be  used  directly  to  interpret  notch- 
bend-bar  test  results,  but  it  ha3  been  observed  that,  in  general, 
the  more  acute  is  the  notch  in  the  test  bar,  the  higher  is  the 
temperature  at  which  the  transition  from  ductile  to  brittle  behavior 
occurs,  Figures'  11  and  12^llf'. 

It  will  be  noted,  however,  that  again  as  before  there  may  be 
diagreement  in  the  transition  temperatures  revealed  by  energy 
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absorption  and  fracture  appearance,  cf . Figure  11.  For  the  V-notch 
specimen,  however,  it  is  indicated,  cf.  Figure  12,  that  under  cer- 
tain conditions  of  testing  full  agrees®  nt  in  the  two  criteria  of 
ductile-brittle  transition  does  obtain. 

The  test  data  which  are  reviewed  in  this  report  will  have  been 
largely  obtained  for  notched  specimens;  therefore,  specimens  in 
which  triaxial  stress  systems  obtain.  The  magnitude  of  these  stress 
systems  will  be  largely  unknown,  and  for  this  reason  it  may  appear 
surprising  that  correlation  of  a consistent  nature  is  at  all  possible 
In  anticipation  of  this  objection,  it  is  noted  that  both  on  theore- 
tical and  experimental  grounds,  there  are  indications  that  the 
triaxiality  of  the  stress  system  arising  from  notch  action  has  a 
limiting  value^1^’1^ • The  theoretical  aspect  of  this  problem  has 
been  thoroughly  discussed  by  Neuber^),  while  the  results  cf  Zeno 
and  Low^?)  and  Bagsar^1®)  support  the  theoretical  argument.  Thus 
both  Zeno  and  Low,  and  Bagsar  studied  the  effect  of  notch  acuity 
on  the  temperature  of  the  ductile-brittle  transition  and  found  that 
it  could  be  elevated  to  only  a limited  extent  by  increasing  notch 
acuity.  Bagsar* s data  are  reproduced  in  Figure  13* 

Criteria  J Ductile-Brittle  TraagiUga*  In  the  above  dis- 
cussion two  criteria  of  the  ductile-brittle  transtion  have  been  ex- 
amined. numerous  other  criteria  of  this  transition  have  been  used 
but  seemingly  all  are  more  or  less  intimately  associated  with  either 
the  transition  in  energy  absorption  or  the  transition  in  fractal*# 


appearance.  These  criteria  have  been  examined  by  Stout  and  McGeady 
for  bend  specimens  and  for  the  Navy  tear  test ^9).  The  criteria 
for  determining  the  ductile-brittle  transition  may  be  summarized 
as  follows* 

Band  Specimen*  fracture  appearance,  lateral  contraction,  bend 
angle,  energy  absorption  to  failure,  maximum  nominal  load; 

Tension  Tear  Specimens*  fracture  appearance,  lateral  contrac- 
tion, energy  absorbed  to  Initiate  crack,  energy  absorbed  to  propagate 
crack,  nominal  tensile  strength,  nominal  yield  strength; 

flatafafifl  laaalQB  Specimens*  fracture  appearance,  lateral  con- 
traction, elongation,  energy  absorbed  to  failure,  energy  absorbed 
to  maximum  load,  and  nominal  tensile  strength. 

Of  the  above  criteria,  the  most  easily  interpreted  are  energy 
absorption  and  fracture  appearance.  That  certain  of  the  other 
criteria  may  on  occasion  be  misleading  is  indicated  by  consideration 
of  the  Idealized  diagram,  Figure  14,  taken  from  Osborn,  jgJ.  al.^20^ . 
The  significance  of  these  criteria  has  been  discussed  by  Vanderbeck 
and  Gensamer^. 

HatallurglcaJL  S&aisfcagi  aM  £&  Ductile-Brittle  Transition: 

The  steels  which  are  of  interest  in  the  construction  of  merchant 
vessels  must  be  of  welding  grades,  and,  therefore,  steels  which  can 
undergo  only  limited  metallurgical  structural  changes.  In  general, 
modifications  of  metallurgical  structure  which  are  possibly  beyond 
the  as-rolled  structure  result  from  normalizing  or  cold  straining 
operations,  the  latter  of  which  usually  leads  to  strain  agihg. 
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Kormalizing,  when  it  clearly  brings  about  a reduction  in  ferrite 

(21) 

grain  size,  say  profoundly  lower  the  ductile-brittle  transition 
but  when  normalizing  is  effected  without  appreciable  change  in 
grain  size,  this  lowering  of  the  transition  temperature  say  not  be 
fully  realized.  As  indicated  by  Lehigh  Slow  Bend  test  data,  Figure 
15,  the  optimum  lowering  of  the  transition  temperature  obtains  for 
& normalizing  temperature  of  about  1650°F.  At  normalizing  tempera- 
tures appreciably  above  and  below  1650°F.,  this  treatment  may  not 
be  efficacious* 

Cold  straining,  in  general,  is  considered  as  undesirable  and 
leads  to  an  elevation  of  the  ductile-brittle  translt&on  as  revealed 
by  standard  impact  test  data,  but  that  the  effects  of  cold  straining 

( 90% 

may  be  complex  is  indicated  in  Figure  io  . For  the  notched  im- 
pact bars  the  transition  temperature  was  found  to  rise  regularly 
with  increasing  strain.  For  the  unnotched  impact  bars,  however, 
the  transition  temperature  passed  through  a maximum  at  about  10# 
elongation. 

Ea&gaa  S&2.  PVWtUft-BcU&Lfl.  l£&BSiijL2a*  Pertinent  data 
on  the  effects  of  fatigue  on  the  ductile-brittle  transition  are 
summarized  in  Figure  17^2^.  It  is  clearly  evident  from  this  figure 
that  as  fatigue  damage  increases,  the  ductile-brittle  temperature 
is  adversely  modified  and  is  elevated  by  about  the  same  order  of 
magnitude  as  results  from  strain-aging. 
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Hormalizing,  when  it  clearly  brings  about  a reduction  in  ferrite 
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grain  size,  may  profoundly  lower  the  ductile-brittle  transition  <CJL; 
but  when  normalizing  is  effected  without  appreciable  change  in 
grain  size,  this  lowering  of  the  transition  temperature  may  not  be 
fully  realized.  As  indicated  by  Lehigh  Slow  Bend  test  data,  Figure 
15$  the  optimum  lowering  of  the  transition  temperature  obtains  for 
a normalizing  temperature  of  about  1650°F.  At  normalizing  tempera- 
tures appreciably  above  and  below  1650°F . , this  treatment  may  not 
be  efficacious* 

Cold  straining,  in  general,  is  considered  as  undesirable  and 
leads  to  an  elevation  of  the  ductile-brittle  transition  as  revealed 
by  standard  impact  test  data,  but  that  the  effects  of  cold  straining 
may  be  complex  is  indicated  in  Figure  16^22^.  For  the  notched  im- 
pact bars  the  transition  temperature  was  found  to  rise  regularly 
with  increasing  strain.  For  the  unnotched  impact  bars,  however, 
the  transition  temperature  passed  through  a maximum  at  about  10% 
elongation. 

SM  Hit  £a4£yia-Slima  IcangifcLaat  Pertinent  data 
on  the  effects  of  fatigue  on  the  ductile-brittle  transition  ar© 
summarized  in  Figure  17^23),  It  is  clearly  evident  from  this  figure 
that  as  fatigue  damage  increases,  the  ductile-brittle  temperature 
is  adversely  modified  and  is  elevated  by  about  the  same  order  of 
magnitude  as  results  from  strain-aging. 


l&la£i£L  2jL  Lgsdlag  figg.  tjie  Ductile-Brittle  Transitions  The 

stress  conditions  in  notched  specimens  are  frequently  complex  beyond 

the  powers  of  convenient  mathematical  analysis.  For  this  reason 

alone  loading  effects  cannot  be  considered  in  terms  of  true  strain 

rates*  However , it  is  known  that  for  a given  specimen  the  rate  of 

loading  may  alter  appreciably  the  temperature  of  the  ductile-brittle 

transition*  The  manner  in  which  this  alteration  is  brought  about 

is  not  at  present  clear  and  the  limited  data  available  are  in  some 

measure  ambiguous*  This  is  illustrated  by  a consideration  of  Figure 
(24-) 

18  . Here  are  plotted  transitions  in  energy  absorption  and  frac- 

ture appearance  for  several  of  the  project  steels  tested  in  tension 
impact  at  several  impacting  velocities.* 

It  will  be  noted  that  the  curvatures  of  the  respective  lines 
for  energy  absorption  and  fracture  appearance  are  inverted  and 
in  this  sense  are  inconsistent.  That  the  curvature  of  the  fracture 
appearance  lines  are  the  more  nearly  correct  may  be  surmised  from 
an  attempted  extrapolation  of  the  energy  absorption  curves  to  higher 
impacting  velocities.  If  this  is  done  consistent  with  the  data 
given  in  Figure  18,  first  steel  A and  ultimately  «teels  Dr  and  Dn 
will  be  evaluated  as  of  less  merit  than  either  steel  C or  steel  S. 
Since  this  conclusion  does  not  seem  warranted,  on  the  basis  of 
other  test  data  obtained  on  these  steels,  it  is  surmised  that  the 
energy  absorption  curve  undergoes  a change  of  curvature  perhaps 
as  indicated  in  Figure  19*  The  shape  of  the  transition  temperature- 
velocity  curve  may  be  attributed  to  the  experimental  testing 

*$hese  velocities  are  converted  from  energy  values  and  are  considered 
a 8 approximate  only. 


conditions  and  probably  is  not  of  fundamental  importance*  It  is 
important  to  note,  however,  that  the  transition  temperature  is 
sensitive  to  the  velocity  of  loading;  and  in  a test  where  the 
transitions  in  energy  absorption  and  fracture  appearance  coincide, 
it  would  appear  that  the  ductile-brittle  transition  should  increase 
monotonically  with  velocity  of  loading  to  develop  a curve  as  drawn 
in  Figure  20^^.  This  latter  curve  reveals  that  an  increase  in  the 
loading  rate  from  that  encountered  under  static  loading  conditions 
(head  movement  3 Inches  per  min.)  to  that  encountered  In  Impact 
testing  (head  movement  Id  feet  per  sec.)  produces  a displacement 
of  the  transition  temperature  of  +70°F.  It  will  be  noted  that 
loading  rates  appreciably  less  than  those  encountered  in  impact 
loading  may  still  result  in  an  elevation  of  the  transition  tempera- 
ture curve. 

M£&s£  Ami  Transition:  The  term 

(,size  effect"  as  used  in  a discussion  of  the  mechanics  of  the 
loading  and  deformation  of  different  sized  te3t  bars  presupposes 
the  use  of  similar  test  bars.  The  term  cannot  be  extended  with 
this  rigorous  restriction  to  a consideration  of  the  ductile-bri ttls 
transition,  because  of  intrinsic  defection  from  the  requirements 
of  similarity,  experienced  in  the  testing  of  the  larger  test  bars. 

The  modification  of  the  ductile-brittle  transition  by  “size  effect” 

. 

must  be  discussed  with  this  reservation  in  mind. 


-16- 


(o<\ 

Extensive  research  which  is  summarized  by  FettweisVfc"  has 
shown  conclusively  that  the  ductile-brittle  transition  for  similar 
specimens  is  higher , the  larger  the  specimen*  This  for  a given 
steel  in  an  appropriate  tempera  ,,.re  range  leads  to  a ductile-brittle 
transition  with  increasing  size  as  is  indicated  in  Figure  21.  This 
phenomenon  is  critical  in  the  problem  of  merchant  vessel  failures , 
in  that  because  of  it  small-scale  laboratory  tests  have  not  been 
available  for  use  in  predicting  the  fracture  characteristics  of 
structures.  However , this  difficulty  can  seemingly  be  overcome 
in  the  bend  specimen  by  the  use  of  a suitably  formed  sharp  notch. 
Thus  with  a pressed  notch  of  0.0015  inch  root  radius  transitions 
in  lateral  contraction  and  fracture  appearance  for  a Schnadt-type 
slew-bend  bar  were  in  full  agreement  and  constant  as  specimens  di- 
mensions were  varied  from  0.394  by  0.394  by  2.1  inches  to  1.18? 
by  1,172  by  2,1  inches(llf>. 

The  engineering  properties  of  metals  are  also  modified  by 
size  effect.  These  properties  have  been  extensively  studied  but 
are  modified  to  only"  a limited  degree  by  the  ductile-brittle 
transition  and  so  will  be  reviewed  in  a later  section. 

w.  imm.  mom 

In  the  analysis  of  the  ship  fracture  problem,  early  appraisal 
of  knowledge  on  the  subject  of  the  ductile-brittle  trandfcion  in- 
dicated that  "size  effect"  was  largely  responsible  for  these 
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failures.  The  testing  program,  therefore,  was  organized  to  include 
large-scale  tests  along  with  small-scale  tests,  the  latter  designed 

to  attain  correlation  with  the  large-scale  laboratory  tests. 

Toward  the  development  of  a large-scale  laboratory  test,  ex- 
ploratory work  on  flat  plate  specimens  was  completed  at  the  David 
W.  Taylor  Model  Basin^2^  # The  largest  size  specimen  tested  was 
12  by  3/4  inches  with  an  internal  notch,  Figure  22.  Pertinent 
details  of  the  internal  notch  are  given  in  Figure  23.  Specimens 
with  suitable  notch  geometry  were  tested  in  both  6-  and  12-inch 
widths  at  appropriate  temperatures.  Pertinent  results  are 
summarized  in  Figured  24  and  25* 

From  Figure  24,  it  is  evident  that  a minimum  length  notch 
must  be  used  in  this  type  of  specimen  to  insure  consistent  re- 
sults for  comparison  purposes,  and  this  length  has  been  standarized 
as  one  fourth  of  plate  width. 

In  keeping  with  the  discussion  on  size  effect  it  was  expected 
the-t  the  plate  tests  would  give  transition  temperatures  which  would 
be  relatively  lower  than  those  for  a ship  structure.  By  an  adjust- 
ment of  notch  acuity  this  condition  could  be  minimized.  The  results 
obtained  in  the  study  of  notch  terminus  radius  are  given  in  Figure 
25,  where  it  will  be  noted  that  Jeweler's  saw  cut  was  the  most 
severe  of  the  notches  studied.  This  notch  terminus  was  used  through- 
out in  subsequent  flat  plate  testing* 
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Of  th©  large-scale  tests  the  most  completely  explored  were 
the  internally  notched  flat  plate  tests  in  the  12- , 24- , 48-  and  72- 
inch  widths C 11 » 27 ) . Several  additional  specimens  108  Inches  in 
width  were  tested «.  A drawing  of  the  test  specimen  is  given  in 
Figure  26,  and  a picture  of  the  72-inch  plate  specimen  in  the 
tensile  test  machine  is  given  in  Figure  27* 

The  data  of  the  original  flat  plate  test  program  indicated 
that  the  results  obtained  with  the  12”  plate  specimens  are  equiva- 
lent to  those  obtained  with  the  72- inch  plate  specimens,  and  the 
subsequent  flat  plate  testing  at  Swarthmore  Collegers)  has  been 
limited  to  the  12-inch  wide  specimen  in  which  L » jj,  see  Figure 
26.  This  specimen  In  place  in  the  testing  machine  and  ready  for 
testing  Is  shown  in  Figure  28.  The  Swarthmore  data  which  are  con- 
sidered in  this  report  were  obtained  with  this  specimen.  This  fact 
is  noted  to  eliminate  confusion  with  the  later  modification  of  this 
test  specimen  for  the  Swarthmore  aspect-ratio  test  program.  Data 
from  this  program  will  not  be  considered  in  this  report. 

It  was  recognized  that  the  data  which  were  obtained  in  the 
various  tests  could  not  be  applied  directly  to  the  problem  of 
ship  failures  without  further  testing,  preferably  on  a ship  structure^ 
but  under  controlled  conditions.  Full-scale  ship  tests  meeting  the 
above  restrictions  are  conceivable  but  hardly  feasible,  so  the  full 
scale  hatch  corner  test  was  devised^^.  The  objectives  of  the  hatch 
corner  testing  program  included}  (a)  the  determination  of  the  ductile- 
brittle  transitional  behavior  of  selected  project  steels  fabricated 


into  hatch  corners  of  the  basic  resign,  and  (b)  the  redesign  or 
modification  cf  the  basic  Liberty  ship  hatch  corner  detail.  This 
first  program  was  essential  to  the  integration  of  the  flat  plate 
testing  program  with  structural  behavior* 

The  test  specimen  based  on  the  basic  hatch  corner  design  is 
given  in  Figure  29*  The  method  of  testing  behavior  in  testing  are 
is  some  measure  indicated  from  a consideration  of  Figures  30  and  31* 
The  basic  hatch  corner  specimen  was,  tested  in  numerous  modifica- 
tions and  several  additional  new  designs  were  also  tested.  Details 
of  these  design  alterations  must  be  sought  in  the  original  report 
Because  of  its  size,  it  is  not  possible  to  test  a full  width 
of  ship!s  deck  in  way  of  the  hatch  opening.  The  specimen  selected, 
see  Figures  29,  30  and  31,  was  as  large  as  could  be  accommodated  in 
the  testing  machine  of  greatest  capacity  then  available. 

The  problem  of  brittle  ship  failures  was  recognized  as  arising 
from  the  action  of  stress  raisers  such  as  structural  discontinuities, 
accidental  notches,  etc*  The  large-scale  test  program  as  outlined 
above  took  cognizance  of  this  fact,  and  all  specimens  possessed 
effective  stress  raisers*  The  magnitudes  of  these  multiaxial  stresses^ 
however,  were  not  known}  and  it  appeared  desirable  to  explore  the 
field  of  multiaxial  stress  in  structures.  To  this  end  large  tube 
tests  were  designed  such  that  the  temperature  of  testing  could  be 
varied  over  wide  controlled  limits,  while  the  longitudinal  and 
hoop  stresses  in  the  shell  could  be  varied  regularly  through  pre- 
scribed values  to  fracture . This  test  specimen  is  shown  in 
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Figure  32.  (The  data  obtained  with  this  type  specimen  have  already 
been  discussed.) 

The  completed  program  of  test3  on  large-scale  specimens  in- 
dicated that  the  mild  steels  tested  all  experienced  brittle  failures 
at  temperatures  above  about  20°F.  Since  tempera tui  .'s  of  this  order 
and  lower  are  regularly  encountered  in  service,  it  appeared  desir- 
able that  the  ductile-brittle  transition  phenomena  in  certain  high- 
yield  strength  structural  steels  be  axamined . Since  these  steels 
were  to  be  examined  for  possible  merchant  Vessel  use,  the  full-scale 
model  hatch  corner  test  specimen  would  be  a logical  specimen  to 
test,  but  because  of  tbn  high  strength  properties  of  the  steel  used, 
the  capacity  of  the  tensile  machine  would  be  exceeded  by  this  speci- 
men. For  this  reason  the  restrained  welded  specimen  given  in  Figure 
33  was  designed^1).  This  specimen  ready  for  testing  is  presented 
in  Figure  3^»  Comparable  tests  for  the  12-inch  flat  plate  specimen, 
previously  described,  were  also  run. 

The  specimens  described  above  are,  in  all  instances,  large 
specimens  and  are  too- large  for  routine  laboratory  testing*  It 
was  necessary,  therefore,  that  experimentation  be  undertaken  to 
explore  the  possibilities  of  the  correlation  of  small-scale  labora- 
tory test  results  with  those  obtained  in  the  large-scale  tests.  In 
the  course  of  this  experimentation  the  specimens  given  in  Figure  35 
were  variously  used. 

mmm  maam 

Project  Steals. 

The  data  obtained  for  the  project  steels  will  be  considered 
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following  which  the  further  data  obtained  on  the  augmented  program 
will  be  examined.  The  ductile-brittle  transition  data  are  considered 
first. 

Zhft  IiaaalilQB  — fiCflblflRt.  SJ&ftl&s  over  a period 

of  many  years  the  ductile-brittle  transition  has  been  extensively 
studied  in  the  impact  test.  For  this  reason  one  of  the  first  steps 
in  the  examination  of  the  project  steels  consisted  in  the  determina- 
tion of  the  impact  transition  curves  for  standard  test  conditions. 
Data  so  obtained  for  the  standard  keyhole  and  V-notch  Charpy  test 
bar  are  presented  in  Figures  36  and  3 7* 

The  impact  transition  curves  are  drawn  as  smooth  curves  which 
vary  regularly  through  a range  of  temperature  from  the  maximum  value 
of  energy  absorption,  or  ductile  condition,  to  the  minimum  value  of 
energy  absorption  or  brittle  state.  Comparison  of  transition  tem- 
perature ranges  becomes  possible  from  such  curves,  but  occasional 
irregularities  in  Individual  curved  preclude  this  method  of  com- 
parison from  beihg  generally  applicable.  Further,  the  comparison 
of  energy  absorption— temperature  curves  is  not  a desirable  method 
of  evaluating  the  fracture  characteristics  of  steels,  as  tfca.3  is 
an  unwleldly  procedure.  It  has  been  general  practice,  therefore, 
to  select  some  energy  absorption  value  as  a reference  value  for 
evaluating  impact  transition  temperatures.  Thus  a commonly  used 
method  specifies  that  temperature,  as  the  transition  temperature, 
at  which  the  energy  absorption  for  a standard  keyhole  Charpy 
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specimen  equals  20  ft.  lbs.  Other  methods  have  required  that 
1/4  maximum,  1/2  maximum  or  maximum  energy  absorption  can  be 


specified  as  the  reference  criterion. 


She  impact  transition  temperatures  as  specified  above  may  prove 
fully  acceptable  for  control  purposes,  but  it  is  probable  that  with 
the  exception  of  the  maximum  energy  absorption  value,  these  arbitrar- 
ily specified  transition  temperatures  are  not  suitable  for  a funda- 
mental study  of  the  fracture  problem*  Thus  it  has  been  argued  that 
the  gradual  decrease  of  energy  absorption  through  the  transition 
range,  for  the  V-notch  Charpy  bar,  is  an  effect  resulting  from  the 
fracture  behavior  of  the  metal  on  the  compression  side  of  the  test 
bar^2).  jf  this  were  true,  the  elimination  of  the  compression  side 
of  the  test  bar,  as  is  effectively  done  in  the  Schnadt-type  bar, 
Should  eliminate  the  characteristic  broad  transition  range  indica- 
ted, for  example,  in  Figure  3 7 ( as  shown  by  the  slope  of  the  curve 
in  the  transition  range) . The  data  in  Figure  38  reveal  that  an 


elimination  of  this  broad  transition  range  does  obtain  when  the 
compression  zone  of  the  impact  bar  is  removed  . The  impact  test 


transition  temperatures  for  the  project  steels,  by  the  indicated 


criteria  are  summarized  in  Table  C. 


It  has  been  Indicated  earlier  that  certain  of  the  steels  which 


are  being  considered  here  are  especially  sensitive  to  strain  rate. 


In  the  impact  test  an  unknown  factor  due  to  strain  rate  sensitivity 


precludes  the  adjustment  of  the  impact  data  to  predict  static  notch- 
bar  test  results.  The  impact  test,  however,  can  be  used  with  this 
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reservation  in  mind,  to  examine  steel  quality,  thus  for  example , 
to  indicate  the  effects  of  strain-aging,  grain  size,  plate  thick- 
ness, etc.,  on  the  fracture  behavior  of  a given  steel.  Groups  of 
data  which  may  be  compared  on  this  basis  are  presented  in  Figures 
39  to  45*  These  data  show  that  the  ductile-brittle  transition  is 
markedly  elevated  by  Increase  in  grain  size  (plate  thickness  con- 
stant) and  by  increase  in  plate  thickness  (grain  size  approximately 
constant) . Variations  from  plate  to  plate  within  the  heat  tested 
are  not  large  as  shown  in  Figures  4l,  42  and  43. 

It  is  needless  to  discuss  the  steps  taken  in  the  development 
of  suitable  correlation  tests,  by  means  of  which  the  ductile-brittle 
transition  in  the  large  plate  tests  could  be  predicted.  Such  tests 
have  been  developed  in  several  directions  as  may  be  gathered  from  a 
consideration  of  the  data  presented  in  Figures  46  to  54.  These 
figures  summarize  all  pertinent  data  relevant  to  the  temperature  of 
the  ductile-brittle  transition  in  the  project  steels  (see  Table  A). 
Some  few  test  results  have  not  been  included  because  of  Idle  in- 
completeness of  the  data. 

j? 

From  Figures  46  and  47  it  will  be  seen  that  virtually  complete 
agreement  in  the  transition  temperature  data  obtains  for  the  large— 
and  small-scale  tests  that  have  been  reported.  By  analogy  this 
statement  can  reasonably  be  extended  to  embrace  all  the  project 
steels  as  Figured  48  to  54  show.  There  is  little  question,  there- 
fore, that  the  ductile-brittle  transition  temperatures,  for  such 
steels  loaded  under  static  conditions  in  structures,  can  be  predicted 
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with  a relatively  high  degree  of  accuracy.  As  will  follow  from  a 
consideration  of  the  results  reported  from  the  3-inch  edge-notched 
tension  test,  it  is  necessary  to  specify  the  criteria  of  the  duc- 
tile-brittle transition  for  restricted  tests,  with,  in  general, 
fracture  appearance  being  the  most  suitable  criterion  for  correlating 
the  results  of  the  small-scale  tests  with  the  large-scale  test  re- 
sults. 

StafiBgl & §&&  &8JHL  — foaigg.t  * struc- 

ture is  designed  to  carry  a prescribed  load,  and  in  the  interests 
of  economy  this  load  should  be  as  great  as  possible  and  yet  safe 
from  failure.  Experience  has  shown  that  in  meeting  these  combined 
needs  the  nominal  tensile  strength  is  not  a suitable  criterion  of 
the  strength  of  a structure  but  must  be  modified  by  a safety  factor. 

Since  safety  factors  are  regularly  used  in  structural  design, 
it  should  not,  perhaps,  be  unsuspected  to  find  that  in  the  flat 
plate  tests  a marked  drop-off  in  tanslle  strengly  accompanies  end 
Increase  in  plate  size,  as  shown  in  Figure  55*  The  drop-off 
steels  (of  55,000  to  65,000  lb./sq.in.  tensile  strength)  frequently 
amounts  to  about  1/3  of  the  tensile  strength  so  that  the  tensile 
strength  value  for  48-inch  internally  notched  plate  lies  between 
35,000  and  45,000  Ib./sq.  in.  Hatch  corner  test  data,  however, 
show  that  the  reduction  in  tensile  strength  indicated  for  the  flat 
plates  is  not  the  maximum  to  be  observed,  for  nominal  tensile 
strengths  as  low  as  25,000  lb./sq.  in.  observed,  for  nominal  tensile 


strengths  as  low  as  25,000  Ib/sq.in.  have  been  reported  for  the 
hatch  corner  tests.  In  other  words  a reduction  in  tensile  strength 
by  $0$  can  arise  in  a structure. 

The  reduction  in  the  tensile  strength  in  the  hatch  corner 
tests  is  in  large  measure  a design  problem,  as  is  indicated  in 
Figure  56.  Redesigning  is  frequently  relatively  simple;  but  while 
marked  improvement  in  strength  can  be  achieved  in  this  manner,  this 
can  be  done  only  by  the  virtual  elimination  of  all  Important  local 
stress  raisers.  Accompanying  this  increase  in  tensile  strength  there 
is  a more  or  less  general  Increase  in  ductility  which  is  very 
desirable. 

In  the  esaminaticn  of  Figure  56  it  is  noted  that  wide  varia- 
tions in  energy  absorption  values  have  been  obtained.  This  may  be 
construed  as  a lowering  of  the  transition  range  for  the  steel,  a 
conclusion,  however,  that  should  be  avoided.  The  model  hatch  cor- 
ners were  all  made  of  steel  C which  in  the  large  plate  tests  has 
a transition  temperature  of  +100°F.  The  test  data  which  are  com- 
pared in  Figure  56  were  all  obtained  at  70°F.,  and  all  fractures 
were  by  cleavage.  Specimen  35  failed  by  Cleavage  which  was  initiated 
at  an  accidental  arc  strike  incidental  to  the  welding  of  the  struc- 
ture. A discussion  of  matters  pertinent  to  this  behavior  will  be 
undertaken  below. 

IX.  Additional  Tests. 

The  testing  program  which  has  been  reviewed  in  the  previous 
section  can  be  expanded  in  two  obvious  directions,  the  first  of 
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which  consists  in  an  attempted  correlation  of  the  properties  re- 
vealed in  the  above  tests  with  the  properties  of  the  same  materials 
in  a ship  structure.  The  second  consists  in  the  exploration  of 
the  possibility  of  improved  structural  materials.  Limited  ex- 
perimentation in  these  two  directions  has  been  completed  and  is 
considered  below. 

Liberty  S&&  Plate  leatai  It  was  generally  accepted 
during  the  formative  stages  of  the  research  program  under  consider- 
ation that  the  brittle  problem  in  Liberty  Ships  was  directly  a 
size-effect  problem.  Thus  for  the  small-scale  tests  a low  transi- 
tion range  might  be  expected,  and  this  transition  range  would  be 
displaced  to  increasingly  higher  temperatures  as  the  size  of  the 
test  bar  was  increased.  Figuratively  then  a full-size  ship  should 
characterize  a more  or  less  definite  transition  range  for  a speci- 
fied steel,  and  this  would  lie  at  a higher  temperature  than  that 
for  a small-scale  test  bar.  By  this  predicate,  a ship  could  be 
considered  as  safe  from  brittle  failure  as  long  as  the  operating 
temperature  was  above  that  of  the  transition  range,  but  it  would 
become  highly  susceptible  to  brittle  fracture  once  the  tempera- 
ture fell  below  that  of  the  transition  range.  By  this  principle 
of  behavior  it  becomes  reasonably  convenient  to  attempt  suitable 
correlation  between  the  many  laboratory  test  results  and  full- 
scale  ship  behavior. 

Thus,  for  example,  of  the  several  ships  which  broke  in  two, 


a restricted  few  failed  under  well-documented  conditions  of  tem- 
perature and  loading  and  were  accessible  for  experimental  purposes. 


From  these  ships,  therefore,  plate  pertinent  to  the  initiation, 
propagation  and  termination  of  the  crack  could  be  removed  for  labora- 
tory testing,  particularly  in  the  interests  of  a precise  determina- 
tion of  the  ductile-brittle  transition  in  the  small-scale  tests. 

Since  the  correlation  attempted  in  this  manner  assumes  that  the 
temperature  at  which  the  ship  broke  will  reveal  the  temperature  of 
the  ductile-brittle  transition  for  the  ship,  the  small  laboratory 
tests  should  allow  the  determination  of  any  needed  correction  factor 
for  ship  plate  evaluation  by  means  of  the  small-scale  tests.  Test 
data  pertinent  to  this  correlation  for  the  12-inch  flat  plate  speci- 
men have  been  reported  for  two  ships,  the  "Fierre  S.  Dupont"  and 
the  MPonaganset"(33) , 

The  "Pierre  S.  Dupont"  suffered  brittle  fracture  during  a severe 
winter  storm  at  sea  on  February  10,  1948,  with  the  air/water  tem- 
peratures reported  as  27°A20F.,  respectively.  Details  of  the  loca- 
tion of  the  plate  available  for  testing  and  the  specimen  lay-out  are 
given  in  Figures  57  and  58.  The  T-2  Tank  Ship  "Ponaganset"  broke 
in  two  on  December  9,  .1947,  while  moored  and  under  a hogging  load, 
with  the  air/water  temperatures  being  reported  as  34°/4l°F.,  re- 
spectively. Details  of  the  plate  location  for  specimens  from  the 
"Fonaganset"  are  given  in  Figures  59  and  60.  In  both  the  ships 
studied  the  cracks  were  initiated  at  about  air  temperature  which 
allows  fixing  the  apparent  transition  ranges  at  about  30°F.  for  the 
"Fierre  S.  Dupont"  and  at  about  35°F*  for  the 'Ponaganset" . 


The  chemical  analyses  of  the  plates  removed  rrom  these  two  ships 
are  given  in  Table  B and  the  mechanical  properties  are  given  in 
Table  E.  The  results  of  the  12  inch  flat  plate  tests  are  given 
graphically  in  Figure  61,  while  the  various  transition  temperature 
data  are  accumulated  in  Table  F.  The  data  for  the  12-inch  flat 
plate  tests  on  the  fractured  ship  plate  indicate  the  transition  tem- 
peratures for  the  plates  tested  lie  between  40°F.  and  110PF.  These 
data  indicate  that  these  plates  through  which  the  crack  propagated 
had  transition  temperatures  above  the  apparent  transition  tempera- 
tures of  the  ships  and  hence  extended  fractures  should  have  been 
possible . 

Teats  pf  Other  Steels:  The  high  yield  strength  steels  which 

vere  studied  at  the  University  of  California  could  not  be  fabricated 
into  full-scale  hatch  corner  test  specimens  because  of  load  restric- 
tions on  the  available  testing  machine.  A reduced  sized  specimens 
called  the  restrained  welded  specimen  was  tested  instead.  For  com- 
parison purposes  steels  Br  and  C were  tested  using  this  specimen, 
and  the  data  obtained  have  already  been  presented.  The  restrained 
welded  specimen  gives  nearly  the  same  transition  temperatures  for 
the  two  steels  as  does  the  full-scale  hatch  corner  test.  The  re- 
sults obtained  for  the  high  yield  strength  structural  steels  using 
this  specimen  will,  therefore,  be  considered  as  equivalent  to  the 
full-scale  hatch  corner  tests  run  on  the  project  steels. 


The  chemical  compositions,  thermal  treatment,  and  mechanical 
properties*  of  the  high  yield  strength  structural  steels  studied 

are  presented  in  Table  G.  The  transition  range  data  are  summarized 
in  Figures  62  and  63,  and  transition  temperatures  are  accumulated 
in  Table  E. 

In  brief,  these  data  reveal  that  much  reduced  transition  range 
is  possible  with  selected  HYS  steels  but  that  a low  transition 
temperature  is  not  assured  by  the  use  of  such  steels.  Further,  it 
is  evident  that  the  good  correlation  that  obtained  among  the  respec- 
tive tests  for  the  project  steels  is  not  typical,  as  transition 
temperatures  given  by  the  12-inch  flat  plate  HYSS  specimen  are  as 
much  as  50°F.  removed  from  those  given  by  the  restrained  welded 
specimen. 

The  nominal  tensile  strength  values  of  the  restrained  welded 
specimen  of  the  HYS  steels  studied  here  may  drop  to  as  low  as  35 
to  4o£  of  standard  room  temperature  coupon  test  values,  but  the 
average  nominal  strength  of  the  specimens  tested  was  approximately 
65%  of  the  standard  test  bar  tensile  strength. 

The  Studies  sL  ftflB  and  Imbenbc:  The  survey  of  the  ductile- 

brittle  transition  phenomena  in  the  Navy  tear  test  by  Kahn  and 
Imbembo(3*0  has  been  especially  revealihg  because  of  the  large 
number  of  different  types  of  steels  which  have  been  studied  with 
this  test.  Since  the  transition  phenomena  associated  with  this 
test  have  already  been  described  for  the  project  steels,  it  will 


» 


be  sufficient  to  consider  here  only  the  transition  temperature  data 
wtiich  have  been  accumulated.  Details  of  the  chemical  composition 
and  thermal  treatment  of  the  steels  studied  are  presented  in  Tables 
1 and  J,  and  the  transition  temperature  data  are  presented  in  Figures 
64  to  68. 

From  the  tabulated  data  it  is  seen  that  the  work  included  the 
testing  of i 

&•  Semi-killed  medium  steels 

1.  Hormal  manganese  contents 

2.  Higher  manganese  contents 

b.  Fully  killed  medium  steels 

c.  Vanity. type  high- tensile  steels 

d.  Medium  steels  of  several  thicknesses 

• * Steels  finished  by  non-conventional  mill  practices. 

Many  of  the  steels  were  also  tested  after  stress-relieving  and 
normalizing  treatments. 

The  following  generalizations,  which  have  been  stated  previously 
are  emphasized  in  a consideration  of  these  data: 

a.  The  transition  temperature  for  a given  steel  is  lower,  the 

lesser  is  the  finished  plate  thickness,  cf.,  Figure  64. 

b.  The  transition  temperature  for  a given  steel  is  lower,  the 
smaller  is  the  ferrite  grain  size,  and  the  reduction  in 
transition  temperature  by  the  reduction  in  grain  size  may 
be  of  large  magnitude. 
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c.  Normalising  when  accompanied  by  a reduction  in  the  ferrite 
grain  size  may  reduce  the  transition  temperature  by  as  such 

as  1509F.J  but  when  a reduction  in  grain  size  does  not 
accompany  the  normalizing  treatment,  the  reduction  in 
transition  temperature  may  not  be  present.  In  this  latter 
case  when  a reduction  in  transition  temperature  is  noted, 
it  is  normally  of  small  magnitude* 

In  addition  to  the  above  generalizations,  it  may  also  be  con- 
cluded thats 

a.  For  the  as-rolled  condition,  there  is  a probable  slight  re- 
duction in  the  transition  temperature  as  the  deoxidation 
practice  varies  to  produce  from  a rimming  to  fully  killed 
class  of  comparable  steels*  This  reduction  is  more  marked 
for  aluminum  treated  steels. 

b.  An  adjustment  of  the  (hn/C)  ratio  to  higher  values  does  not 
ensure  a reduction  in  transition  temperature  for  the  as- 
rolled  plate;  For  such  steels,  however,  a normalizing 
treatment  may  produce  a reduction  of  the  transition  tem- 
psraturs  by  as  much  as  40°F.,  cf.,  Figure  65.  This  re- 
duction seemingly  is  brought  about  by  a reduction  in 
ferrite  grain  size. 

c.  The  lighter  plate  for  the  high  (Mn/C)  ratio  steels  con- 
sistently shows  the  smaller  ferrite  grain  size,  and  this 
grain  size  is  not  materially  reduced  by  normalizing.  The 
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grain  size  in  heavier  plate  in  the  normalized  condition 


approaches  that  representative  of  the  light  plate,  and 


similarly  the  transition  temperatures  for  the  heavier 


plate  approach  those  of  the  light  plate. 


d.  In  the  steels  studied  the  McQuaid-Ehn  grain  size  was  of 
minor  importance  in  determining  the  transition  temperature. 

e.  Stress-relieving  treatments  were  not  observed  to  improve 


the  fracture  characteristics  cf  the  plate  studied. 


The  experimental  data  which  have  been; presented,  indicate  that 
much  of  the  steel  which  has  been  used  in  Liberty  and  Victory  ship 
construction  may  ordinarily  be  expected  to  fail  with  brittle  frac- 
tures at  the  temperatures  at  which  these  ships  regularly  operate. 
That  the  ductile-brittle  characteristics  of  these  steels,  then,  do 


not  of  necessity  determine  the  structural  behavior  of  the  steels 


must  follow,  since  most  Liberty  and  Victory  ships  continue  to 


operate  satisfactorily.  From  this  it  follows  that  either  the 


correlation  of  laboratory  tests  with  ship  structural  behavior  is 


precluded  by  the  operation  of  unknown  quantities,  or  that  the  factors 


which  modify  the  transition  temperature  of  a steel  are  improperly 


combined  in  the  tests  to  simulate  the  conditions  of  ship  operation. 

That  the  second  alternative  is  the  more  probable  follows  from 
a consideration  of  Figure  69 • Here  are  presented  maximum  nominal 


strength  deck  stress  levels,  determined  for  ships  of  a type  considered 
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faere  under  operating  conditions,  and  it  will  be  noted  that  these 
stress  values  are  very  much  less,  for  all  conditions  of  loading, 
than  the  comparable  stress  values  measured  in  the  hatch  corner 
tests* 

In  examining  the  apparent  incompatability  of  the  laboratory 
test  results  with  full-scale  ship  behavior  it  becomes  desiiable 
to  examine  more  closely  the  significance  of  the  ductile-brittle 
transition  as  determined  in  the  small-scale  tests,  and  to  re-examine 
the  conditions  of  loading  in  both  the  laboratory  tests  and  in  a ship 
structure  > Of  these  the  ductile-brittle  transition  will  be  considered 
first. 

Transition*  The  appearance  of  brittle 
fractures  in  mild  steel  specimens  has  been  shown  to  be  possible  in 
unnotched  tensile  bars  tested  at  a suitable  low  temperature.  None 
of  the  steels  which  have  been  studied  are  brittle  in  this  way  at 
ship  operating  temperatures.  Such  brittleness  in  ships  must  result, 
therefore,  from  the  existence  of  effective  notches  in  extreme  tensile 
structural  members.  Such  notches  may  arise  from  design  or  from  de- 
fective workmanship,  or  from  a variety  of  incidental  factors  such  as 
arc  strikes,  the  welding  of  clips  to  the  deck,  etc.  It  is  further 
possible  that  effective  notches  may  arise  from  the  action  of  fatigue. 
It  is  evident,  therefore,  that  the  effective  notches  that  exist  in 
two  ships  of  the  same  design  may  vary  over  a considerable  latitude 
of  intensities  in  corresponding  areas.  However,  the  design  of  a ship 
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may  be  such  that  the  incidence  of  severe  effective  notches  is  high, 
a case  that  proved  to  be  true  in  the  basic  Liberty  ship  design. 

When  effective  notches  arise  in  this  vay,  design  changes  nay  be 
introduced  to  bring  about  a structure  which  then  becomes  as  re- 
sistant to  brittle  fracture  as  the  structural  materials  will 
allow.  An  effective  stress  raiser  may  not  be  a design  feature 
of  the  ship  but  may  arise  from  operations  involved  in  tying  down 
cargo,  the  welding  of  clips  to  the  deck,  or  from  fatigue  action. 

The  significance  of  the  ductile-brittle  transition  observed  in  the 
small-scale  tests  with  respect  to  ship  structural  behavior  must 
center  then  from  the  outset  on  a consideration  of  the  intensities 
of  notch  action  possible  in  a ship  structure.  Such  knowledge  will 
be  informative  in  the  design  of  small-scale  tests  to  predict  the 
transition  temperature  of  a ship  structure  under  essentially  static 
loading  conditions. 

The  most  severe  notch  that  can  be  in  a ship  structure  will  re- 
sult from  fatigue  action.  This  is  a notch  which  from  earlier  dis- 
cussion may  be  considered  as  having  attained  a limiting  stress 
raising  capacity  and  should  characterize  a limiting  maximum  transi- 
tion range.  Under  static  conditions  of  loading  the  ship  structure 
possessing  a fatigue  notch  as  the  effective  stress  raiser  would 

'v  . ' . ■ u ; 

then  have  its  highest  transition  temperature. 

If  the  effective  notch  is  not  a fatigue  cradk,  in  general 
under  static  loading  the  metal  in  the  notch  may  be  expected  to 
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reaoh  the  yield  point  and  deform  before  tue  adjacent  material. 

Even  in  a relatively  mild  notch,  however,  the  stress  in  the  notch 
may  exceed  the  fracture  stress  of  the  metal  before  yielding  takes 
place  in  the  adjacent  material.  Once  this  happens,  a crack  will 
form  which  if  propagated  brittlely  the  structure  will  fail  with  a 
transition  temperature  characterized  by  this  crack,  thus  with  a 
transition  temperature  in  agreement  with  that  determined  for  the 
fatigue  crack  in  the  same  structure* 

When  the  effective  notch  in  the  ship  structure  is  sufficiently 
mild  so  that  plastic  flow  is  possible  in  regions  outside  the  notch 
before  cracking  takes  place  in  the  notch,  extensive  plastic  distor- 
tion of  the  structure  is  possible  to  failure. 

Under  conditions  of  static  loading  it  is  useful  to  know  the 
maximum  temperature  at  which  brittle  fracture  can  occur  and  this 
is  a temperature  determined  by  the  most  acute  notch  available— the 
fatigue  crack.  This  temperature  is  important  for  it  would  appear 
that  all  ship  fractures  originate  in  notches  equal  in  intensity  to 
fatigue  cracks,  and  ifthis  is  so  that  latent  transition  temperature 
of  the  ship,  when  this  ship  is  made  of  mild  steel,  must  be  high. 
Undpr  static  conditions  of  loading  to  failure  this  high  transition 
temperature  would  be  realised. 

Under  service  conditions  the  ship  would  possess  a still  higher 
transition  temperature  due  to  the  dynamic  conditions  of  loading, 
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but  brittle  failure  thus  to  be  expected  is  not  normally  realised. 
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That  brittle  failure  does  not  take  place  must  arise  because  of 
differences  in  loading  under  the  laboratory  and  service  conditions. 
These  deviations  in  loading  conditions  will  now  be  considered. 


Loading  Conditions  Structures:  Nominal  tensile  stress 

values  of  10*000  Ib./sq.  in.  are  not  regularly  experienced  in  the 
strength  deck  of  ships  in  operation*  whereas*  the  nominal  stress 
in  the  hatch  corner  test  specimen  was  measured  at  25*000  lb/sq.  ini- 
at  failure.  In  an  examination  of  this  question  a consideration 
of  the  load-elongation  diagram  for  a 12-inch  plate  specimen  as  given 
in  Figure  70  is  informative.  On  this  diagram  the  load  is  specified 
at  which  the  initial  crack  is  formed.  A consideration  of  the  num- 
erous stress-strain  diagrams  included  in  the  indicated  reference^2^ 
reveals  that  this  crack  is  regularly  formed  very  early  in  the  course 
of  the  test  and  at  a load  of  about  5/7  the  tensile  strength  deter- 
mined in  this  test.  The  ratio  of  the  load  to  initiate  cracking  to 
the  maximum  load  increases  somewhat  when  the  specimen  fails  with 
low  energy  absorption*  but  in  this  case  also  the  initial  crack  is 
normally  present  for  some  time  prior  to  failure. 

In  a ship  structure  the  conditions  of  loading  are  not  such 
that  a crack  can  be  initiated  and  propagated  slowly  to  fracture 
of  the  structure.*  On  the  contrary  the  loading  cycle  due  to  wind 
loading  and  wave  action  can  be  expected  to  be  quite  short  with 

a consequent  "impact1'  type  of  loading  being  experienced.  With 
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this  type  loading  the  structure  may  be  overloaded  for  but  a 
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relatively  short  time,  following  which  the  overload  is  released. 

The  probl*»  of  fracture  in  the  ship  then  is  resolved  into  two 
components,  namely,  a loading  factor  and  a time  factor.  The  in- 
terplay of  these  two  factors  may  be  quite  complex  and  may  modify 
the  strength  properties  of  the  ship  steel  in  a way  not  now  recog- 
nised. The  response  of  the  ship  steel  to  such  loading  cycles  will 
now  be  considered. 

Since  the  loading  rate  experienced  by  the  ship  can  be  relatively 
high,  the  transition  temperature  considered  typical  of  the  ship 
constructed  of  a given  steel  must  be  elevated  by  a proportionate 
velocity  factor  over  that  experienced  under  static  loading  conditions 
If  the  ship  is  operating  at  a temperature  that  lies  in  the  range  of 
brittle  behavior,  two  conditions  must  now  he  fulfilled  before 
cleavage  failure  will  result.  The  ship  must  be  overloaded; 
the  stress  in  the  effective  notch  must  exceed  the  fracture  strength 
of  the  Svv*  1,  and  secondly,  this  stress  must  be  maintained  suffi- 
ciently long  to  allow  the  crack  to  be  initiated  and  propagated. 

It  is  recognized  that  all  cleavage  fractures  are  generally 
proceeded  by  some,  though  slight,  amounts  of  strain.  It  is  also 
accepted  that  the  crack  is  developed  in  the  initial  stages  of  its 
life  at  adLow  rate  but  is  propagated  at  a high  rate.  From  thi u 
It  is  concluded  that  a short  but  Important  time  Interval  must 
elapse  before  a fast  moving  cleavage  crack  can  be  established. 

This  time  interval  for  a given  steel  must  depend  on  the  temperature 
and  the  amount  of  overloading  experienced  in  the  critical  section. 


No  data  are  now  available  to  allow  a discussion  of  these  quantities. 
However,  it  is  expected  that  those  steels  which  have  the  lower 
transition  temperatures,  as  determined  by  the  laboratory  tests,  will 
be  the  most  effective  in  suppressing  brittle  crack  formation  in 
ships * 

Ship  Steel  Selections  In  the  consideration  of  steel  selection 
for  future  merchant  vessel  construction  restricted  lines  of  action 
are  possible.  The  extreme  approaches  to  the  ship  fracture  problem 
are  first,  the  relaxation  of  materials  fracture  specifications  with 
the  expected  elimination  of  the  fracture  problem  by  control  of  design 
and  second,  the  setting  up  of  a fully  reliable  fracture  specification 
test,  with  the  relaxation  of  design  restrictions. 

The  latter  approach  if  readily  realized  would  probably  prove 
desirable  from  the  point  of  view  of  construction*  but  the  ductile- 
brittle  transition  studies  which  have  been  completed  to  date  indicate 
that  m construction  program  based  on  this  philosophy  of  materials 
selection  would  lend  to  the  rejection  of  a large  percentage  of  the 
steels  which  could  "be  supplied  for  ship  construction.  This  is 
obviously  an  unacceptable  solution. 

The  alternative  approach  to  the  ship  fracture  problem,  that 
of  controlling  ship  fractures  by  design  control,  has  been  used  in 
the  construction  of  the  Victory  ships.  These  ships  continued  to 
operate  satisfactorily  until  the  winter  of  1951-1952,  at  which  time 
several  serious  failures  occurred.  This  suggests  that  design  improve- 
ment without  consideration  for  the  fracture  characteristics  of  the 
steel  is  not  the  final  answer  to  the  ship  fracture  problem. 
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It  Is  not  the  purpose  of  this  discussion  to  advance  a given 
test  for  the  purposes  of  specification  needs,  but  in  the  interests 
of  close  coordination  of  such  tests  with  service  failure,  two 
quantities  must  be  given  much  importance,  and  these  quantities 
are  the  Intensity  of  the  notch  and  the  duration  of  loading.  Since 
the  effective  notch  in  determining  the  fracture  characteristics  of 
a structure  is  an  extremely  acute  crack,  the  notch  in  a small-scale 
correlation  test  specimen  should  be  sharp.  The  relative  duration 
of  loading  of  the  specimen  would  simulate  that  experienced  by  the 
structure.  The  testing  of  even  a small  test  bar  over  an  appropriate 
range  of  temperature  should  then  satisfactorily  predict  the  location 
of  the  ductile-brittle  transition  for  the  ship.  The  transition  tem- 
perature so  determined  alone  will  not  predict  the  performance  of  the 
ship  and  gives  only  one  extreme  value  for  consideration  in  antici- 
pating ship  performance.  Qualitatively,  however,  there  can  be  no 
question  but  that  those  steels  which  have  the  higher  transition  tem- 
perature will  fail  more  readily  in  a ship  structure  than  will  those 
with  the  lower  transition  temperatures.  In  view  of  the  paucity  of 
data  pertaining  to  the  time  and  loading  effects  on  the  development 
of  a cleavage  crack  in  mild  steels  and  to  uncertainties  about  load- 
ing conditions  in  ship  service,  it  does  not  appear  possible  at  this 
time  to  devise  a test  that  will  provide  full  correlation  with  ship 
performance. 
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The  present  report  Is  a review  of  the  salient  features  of 
the  investigations  conducted  on  medium  ship  steel  under  the  auspices 
of  the  Ship  Structure  Committee*  The  reports  which  have  been  sub- 
mitted by  the  many  contractors  of  these  investigations  are  both 
numerous  and  voluminous,  and  it  has  not  been  possible  tp  present 
here  other  than  selected  material  taken  from  these  reports*  The 
selection  of  material  for  inclusion  in  this  report  has  been  the 
responsibility  of  the  authors,  but  valuable  suggestions  indicating 
appropriate  deletions  and/pr  additions  have  been  made  by  Drs.  John 
Low,  Jr.,  and  Finn  Jonas  sen,  both  of  whom  were  kind  enough  to  examine 
the  manuscript  in  one  or  more  of  its  early  forms.  The  writer A* 
associates  at  the  Pennsylvania  State  College,  notably  Drs.  John  R. 
Low,  Jr.;  William  Lankford,  Jr.;  John  Ransom;  T*  A.  Prater;  were 
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that  was  ultimately  completed  at  that  institution. 

The  writers  would  like  finally  to  thank  Messrs.  James  McNutt 
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Table  D - Chemical  Analysis  i_a  % of  Specimens  from  PIERRE  S.  DUPONT 
end  P0NAGAN3ET 


Type 


Plate 

C 

Mn 

SI 

p 

s 

Cu 

N 

steel* 

DU 

0.26 

0.33 

0.02 

0.011 

0.038 

• e 

e e 

e e 

PEDP 

0.14 

0.38 

0.00 

0.020 

0.035 

0,16 

0.005 

Rim 

PEDS 

0.15 

0.40 

0.00 

0.020 

0 »0_3U 

0.17 

0.004 

Rim 

PAD 

0.22 

0.47 

0.04 

0.021 

0.035 

0.03 

0.004 

S-K 

PCDP 

0.14 

0.4i 

0.01 

0.027 

0.030 

0.10 

0.004 

Rim 

PJSS 

0.29 

0.45 

0.10 

0.015 

0.040 

0.03 

0.0045 

S-K 

* Rimmed,  semikill ed  (S-K) 


Table  E - Mechanical  Properties  of  Steel  from  FIERRE  S.  DUPONT  and 
PONAGANSET  (1-In.  Wide  Pull-Thickness  Specimens) 


Specimen 

Gage,  in. 

Tensile 

strength 

psl. 

Yield 

point, 

psi 

Elongation 
in  8 in., 
% 

Bend  test 

DU 

3A 

60,200 

34,400 

28.2 

e • 

PEDP 

13/16 

52,300 

31,900 

32.5 

OK 

PSD8 

13/16 

55,600 

32,600 

31.0 

OK 

PAD- 

13/16 

59,700 

30,500 

25-0 

OK 

PCDP 

13/16 

54,500 

3S50C 

28.0 

OK 

PJSS 

3A 

65,200 

37,100 

27.5 

OK 

Table  P - Transition  Temperature  in  °F«  of  Steels  as  Determined  by 
Various  Tests 


T.T.,  T.T.,  Keyhole  V-Notch  Navy 

lArtfiV  f a f 1 /A  4 m UaaIt  PVie  PKawnfr  Vaa  w 


Steel 

No. 

Tests 

Energy  to 
rupture 

fracture 

appearance 

1/8  in., 
hole 

Hack 

Saw 

Charpy 
15  ft. -lb. 

Charpy 
15  ft. -lb. 

Tear 

Test 

DU 

7 

37 

t't 

i 

- - 

1 AH 

J-W 

e • 

62 

e e 

PEDP 

11 

46 

46 

71 

e e 

9 

e e 

90 

PBDS 

11 

60 

60 

12? 

e e 

18 

• e 

110 

PAD 

11 

104 

102 

152 

e e 

12 

• s 

150 

PCDP 

11 

54 

55 

54 

• e 

-3 

e e 

90 

PJSS 

11 

58 

60 

39 

e e 

-6 

9 e 

90 

PROPERTIES  AMD  COMPOSITIONS 

naa>  is 


HIGH  YIEID  STRENGTH  STRDCTURIL  STEELS 
B INYEST2GATI0B 


TYPE  Alloy  Alloy  Alloy  Alloy  Mild  Mild 

HEAT  TREATMENT  Quenched  A Quenched  A Quenched  A Quenched  A Semi  Killed  Semi  Killed 

Drawn*  Drawn  Drawn  Drawn  a a- rolled  as-rolled 


PHYSICAL  PROPERTIES 


Yield  Strength  Pai. 
Average 

tTltimate  Strength 
Psi.  Average 
Elongation  % in  2" 
Average 

Reduction  in  Area  % 
Average 


66,000 

80,000 

80,000 

84,000 

36,000 

39,000 

89,000 

97,000 

100,000 

100,000 

60,000 

67.400 

26 

22 

20 

23 

26 

25-51 

64 

£C 

60 

68 

63 

- 

APPROXIMATE  CHEMICAL  COMPOSITION  j 

Carbon 

.19 

.14 

.16 

.16 

.15 

.24 

Manganese 

1.08 

.75 

1.45 

.27 

.77 

.48 

Silicon 

.24 

• 77 

.21 

.17 

•05 

.05 

Molybdenum 

.42 

46 

.48 

.20 

- 

.005 

Chromium 

me 

.60 

• 

1.13 

— 

.03 

Zirconium 

.09 

• > 

• 

Phosphorus 

.014 

.023 

.017 

.014 

.010 

.012 

Sulphur 

.023 

.028 

.038 

.021 

.029 

.026 

Vanadium 

• 

• 

.08 

- 

- 

- 

Nickel 

* 

.53 

2.32 

** 

.02 

* Steel  1 was  also  used  in  a normalized  condition  for  some  of  the  tests 
**  Mild  Steel  Br  properties  Included  for  comparison 
***  ♦ Elongation  in  8" 


TABLE  H 


APPROXIMATE  TRANSITION  TEMPERATURES  OF  HIGH  YIELD  STRENGTH 
STRUCTURAL  STEELS  DETERMINED  BY  MEriNS  OF  DIFFERENT  SPECIMENS 


STEELS 

3"  Edge  Botched 
12"  Centrally  Botched 
Restrained  Welded 


-10°F 

♦18»F 

-1020? 

-108°F 

♦2D°P 

♦5°F 

•*20°F 

-95°? 

-102°F 

♦18°F 

♦40°F 

+75°P 

-50°? 

=65°F 

♦58°P 

CrnniMMlHmi  T a 


TABLE  X 

TwirrayniMiM  snip  fltto  Stoeln,  Medium,  SariHOei,  tt>S4,  Normal  Manure 
9M*m>  (Mn/C<S) 


Dm 

•rip*** — 

?ui* 



— 

7mpN« 

***.  % 

r«< 

thtmmUj 

w+pmtU i * 

MSmtrn 

yr*a«g<»**  — — ° » 

Bm 

end* 

ffel. 

eade 

ftfrtr 

mh,  in. 

CmaU 

ft* 

c 

■Ha 

« 

Ai 

H 

prinft 

P*. 

-sr 

BaMt« 

Ik/fa.” 

j*  atari, 

/,». 

tV*f’ 

Mn/t 

0 

08 

«A 

a 

0.S5 

0.43 

0.08 

0.003 

0.004 

60,000 

1140 

760 

60 

1.7 

4 

<M 

•A 

R 

0.38 

0.43 

C.C8 

o.ocr 

0.004 

62,800 

1080 

880 

103 

1.7 

i 

04 

1 

R 

o at 

9.4S 

•.08 

e.cos 

O.COtt 

80,900 

1820 

980 

13C 

1.7 

• 

S 

0.34 

0.43 

0 04 

0.004 

0.004 

34,000 

36,60m 

68  640 

88  4 

*5*00 

910 

040 

70 

2.0 

7 

•A 

R 

0.88 

0.51 

o.o? 

0.CI5 

C.K8 

66,240 

30.4 

61,800 

880 

610 

135 

2.0 

8 

s* 

y« 

•A 

ft 

O.Jl 

w.49 

0.08 

O.OStt 

o.oot 

88,800 

88.900 

36  5 

49,000 

800 

730 

120 

9.S 

t 

R 

0.80 

0.56 

0.10 

-0.002 

0.006 

»i  900 

56,000 

80.0 

63.800 

1050 

680 

100 

2 8 

10 

m 

•A 

R 

0.18 

0.60 

0.07 

-0.003 

0.004 

83,600 

67,900 

34.6 

65, COO 

1660 

1CCQ 

30 

2.8 

11 

alO 

*/» 

a 

0.1* 

0.84 

0.18 

-0.003 

0.004 

88 400 

61,400 

81.0 

66,000 

1190 

0*0 

90 

2.8 

IS 

13 

821 

V. 

a 

0.90 

0.68 

o.oe 

-o.oot 

0.004 

81.800 

69,400 

S1.0 

49J00 

910 

780 

90 

2.6 

83 

•A 

R 

0.14 

0.46 

0.07 

-0.002 

0.006 

83400 

67,400 

83.0 

48.400 

960 

780 

00 

2.9 

8*  1 M38A 
88-1  U18A 
83*8  MMB 
>8-8  MMB 
88-1  M8SA 


88-1  M1SA 
88-1  MiSA 


48-1  USQA 
48-1  U80A 
D4  M80B 
48-8  M80B 


’ 1 


810 

0 

1.3 

800 

140 

1.8 

CM 

100 

1.9 

tm 

100 

2.5 

850 

80 

3.4 

UUed  (Si  or  A!) 

pmHtt- 

s. 

fsww 

7Yon«tfon 

IX* 

tTf;. 

Mn/C 

930 

30 

3.0 

750 

60 

3.0 

840 

70 

3.G 

455 

70 

1.4 

875 

40 

1.7 

710 

80 

1.7 

790 

<70 

1.7 

780 

90 

1.7 

820 

<70 

1.7 

855 

80 

1.9 

738 

70 

1.9 

780 

<70 

i.v 

785 

60 

1.9 

740 

<60 

1.9 

740 

60 

1.9 

870 

<40 

1.9 

740 

70 

1.9 

830 

<70 

1.9 

750 

70 

1.9 

800 

<70 

1.9 

745 

70 

2.0 

700 

<70 

S.O 

720 

70 

SO 

770 

<70 

S.O 

700 

<70 

S.l 

790 

<70 

s.a 

740 

<70 

a. s 

740 

60 

S.3 

750 

<70 

a. 3 

080 

<40 

a. s 

720 

80 

S.8 

740 

30 

S.5 

040 

50 

S.8 

070 

50 

2.8 

795 

30 

3.3 

810 

30 

3.8 

700 

30 

8.7 

755 

50 

8.7 

870 

60 

S.8 

810 

50 

4.8 

70-1  10X7 

701  10X7 

704  18X7 

704  18X7 


B 

0.1 

R 

0.1 

R 

0.1 

8R 

0.1 

R 

0.1 

N 

0.1 

R 

0.1 

N 

0.1 

R 

9.8 

N 

0.1 

R 

0 ! 

R 

0.1 

8R 

0.1 

R 

0.1 

8R 

0.1 

R 

01 

N 

0.1 

R 

N 

R 

o.i 

R 

0.1 

N 

0.1 

SR 

0.1 

SR 

0.1 

R 

0.1 

R 

0.1 

8R 

0.1 

SR 

0.1 

SR 

0.1 

R 

0.1 

R 

0.1 

R 

0.1 

R 

0.1 

R 

0.1 

N 

0.3 

R 

0.1 

H 

0. 

1 

0. 

N 

0. 

R 

8. 

a 

0. 

Kf 

0. 

ft 

0. 

R 

0. 

E 

0. 

R 

0.1 

a 

0. 

a 

0. 

a 

0. 

a 

0. 

a 

0. 

R 

0. 

N 

0. 

a 

0. 

fn 

at 

Y 

Yi 

S3 

0.88 

0.05 

0.010 

S3 

0.31 

0.05 

0.CO9 

S3 

0.38 

0.05 

0.011 

S3 

0.38 

0.06 

0.011 

,SS 

0.31 

OCfi 

0.01S 

S3 

0.81 

0.05 

0.01S 

.15 

o as 

0.05 

0.034 

.15 

0.38 

0.05 

0.034 

.18 

0.35 

0.05 

0.034 

.15 

0.31 

0.05 

0.034 

26 

0.25 

0.04 

0.007 

.25 

0.S4 

0.04 

0.007 

.25 

0.34 

0.04 

0.037 

.26 

0.S3 

0.04 

0.007 

.35  r 0.23 

0.04 

0.007 

.to 

0.18 

0.04 

Q.023 

.98 

0.18 

0.04 

0.088 

* A re~s*  «*  all  tecta  conducted  above  tmiwtUon  tempemaire 
t VAluea  marked  with  dajxer  represent  % Elongation  ia  3 in.;  ail  otfcor*  in  8 in 


SSSS3fcSB8388888sRo863S8!l686888Sefe8SS§48888gS88oS2§§388 


% REDUCTION  IK  AREA 


% FIBROUS  FRACTURE 


TEMP£*ATUN£#  *c 


F10.  Jf.  me  strain  hardening  exponent  fa)  v*r*»<?  iuup*:*mr* 
for  Steel  E (filled  figures)  and  Steel  H.  Circle# 
tfj*«  *>oz»sita4inal  #j#cijB#n#  end  square*  tramrrer**  np*ciner>«. 


Torsion  Specimen 


11  and  12.  The  transitions  in  wia.rgr  abso-ption 

ind  fracture  appearance*  Tor  a selected 
i aill  steel. 


IMPACT  E N£!*G\_  FT- LB 


N-NOTCKt 


200 


PER  CENT  ELONGATION 


FIG.  16.  Influence  of  pro-strain  on  the  transition  temperature 
of  notched  and  un-not.ched  mild  steel  impact  specimens 


STEEL 


SUMMARY 


A UNSTRESSED  SPECIMENS 
B SPECIMENS  STRESSED  AT  29,700  PSI 
C SPECIMENS  STRESSED  AT  10,000  PSI 
D SPECIMENS  PRESTRAINED  IN  TENSION 


60  ISO 
TEMPERATURE,  *F 


FIG.  17.  Effect  of  fatigue  on  notched  impact  strength.  (Jindurance 
limit  of  notched  specimens  approx.  26,000  p.s.i.) 

Curve  B -'105,000  cycles  of  stress. 

Curve  C — 1,000,000  cycles. 


TRANSITION  TEMPERATURE,  *F 


TRANSITION  TEMPERATURE, 


IMPACTING  VELOCITY.  FT/ SEC 

FIG.  20.  Suggested  variation  of  transition  temperature  In  tho 
C harpy  V-notcfc  impact  test  with  impacting  velocity. 

The  two  experimental  points  were  determined  respectively 
in  slow  bending  and  impact  bending. 


WIDTH 


FIG.  21.  Influence  of  specimen  width  on  absorbed  energy  at 
constant  temperature. 


KI«JH*  27.  72 -I*.  SPECIHfcH  I*  3,000,000-LB.  ThSTIHG  MACHXHB 
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FIGS.  30  and  31 • Hatch  corner  tests 


HUjUHa  SM/O 


SECTION  »-f) 

C/POS5  - SECTION  OF  SPECIMEN  SUBJECTED  TO 

mm  loud  ,tnd  intbenol  p*essu*e 


Wfl  ■;V"f5v^r 


WELD  DtTAJL 


electrode  tyw,  vqumc  a nkmc  **» 
with  tmmm.  total  or  t>  mews  for  each 
welo. 


FIG.  33  RESTRAINED  WELDED  SPECIMEN  USED  FOR  TESTS 
OF  HIGH  YIELD  STRENGTH  STRUCTURAL  STEELS. 


Restrained  yelded  specimen  in  testing 
■echine  showing  pulling  tabs  and  manganin 
wire  extensoneter . 


PIG. 35  LABORATORY  TEST  SPECIMENS  EMPLOYED  FOR 

CORRELATION  WITH  LARGE  PLATE  TEST  RESULTS 
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FIG-  38.  Energy  absorption,  fracture  appearance,  and 

lateral  contraction  vs.  testing  tempera tura  for 
V-notch  milled  and  V-not ch  pressed  (both 
Schnadt  modification)  Charpy  impact  specimens. 
Mild  steel.  (Ref.  (14)) 


. Axial 

A*h»g 

Steal  A 

Temp,  •*. 
Start  C 

ipretsioo 

Treatment 

n% 

«o% 

*5% 

50% 

5 

R.T.,  1 kr. 

0 

30 

15 

40 

5 

R.T.,  6 hr. 

-10 

38 

» 

40 

5 

R.T.,  12  hr. 

20 

35 

10 

35 

6 

R.T..  30  hr. 

10 

36 

10 

45 

6 

R.T..  1 wk. 

30 

40 

0 

35 

, 5 

R.T.,  4 wk. 

TO 

40 

20 

45 

10 

R.T..  1 hr. 

IS 

45 

30 

50 

10 

R.T.,  0 hr. 

15 

35 

30 

66 

10 

R.T..  12  hr. 

lfi 

43 

25 

60 

10 

R.T.,  30  hr. 

20 

40 

20 

45 

10 

R.T.,  1 wk. 

19 

45 

10 

R.T , 4 wk. 

40 

65 

35 

55 

to 

2S0‘  C..  V.  hr. 

70 

100 

05 

85 

10 

230*C..lVibr. 

55 

35 

00 

M 

10 

260*  C.,  4 hr. 

S6e 

•0 

10 

250*  C..  30  hr. 

70 

100 

05 

95 

FIG.  39.  Charpy  V-notch  impact  transition  temperature 

in  °F  at  25  and  50%  maximum  energy  absorption  for 
specimens  prestrained  in  ecunpression.  R.T.  is 
room  temperature.  (Ref.  (35)) 


?IG.  40.  Chirpy  k .ide  teatE  of  Ctoel  B following  different 
ta*«t  tre*w»enta*  Cunr*j  (1)  refers  to  trw.tt.ent  (t) 
tbowe,  curwe  (2)  to  treatment  (b)  etc.  (Ref.  (35)) 


ION  ENERCiY  ABSORPTION 


72“  PLATE 


19*' Dt  ATC 

• «w  • V- 


^ * ^-U.  Off 


NAVY 

TEAR 

TEST 


SLOW 

BEND 


Vt7// 


3“  PLATE 


CHARPY 


KSYtlOLK 


V-NOTOM 


restrained 

WELDED 


HATCH 

CORNER 


TEMPERATURE,  ®F 


FIG.  46 


ENERGY  ABSORPTION  ENERGY  ABSORPTION  LATERAL  CONTRACTION  PERCENT  FIBROUS  f RACTURE 


PERCENT  FIBROUS  FRACTURE  ENERGY  ABSORPTION  ENERGY  ABSORPT  ON 


ENERGY  ABSORPTION  ENERGY  ABSORPTION  LATERAL  CONTRACTION  PERCENT  FIBROUS  FRACTURE 


STEEL  a 


"v  I 


I 

- 


72VLATE 


12  PLATE 


3"PLATE 


RESTRAtfCD 

WELDED 


NAVY 

ii 

TEAR 

T CPT 

i 

% 

• 

« 

< 

« 

t 

I*1 

i 

CHARPY 


/ 


| HATCH 
I CORNER 


/ JV-WWrf 

/ . V 


■■ 


NOT  TESTED 


NOT  TESTED 


& 


Ar^rwraiiw^i  — wii—— i— «db  mii 

ISO  200  0 40 

TEMPERATURE,  *F 

rtG  A 6 


120  160  200 


PERCENT  FIBROUS  FRACTURE  ENERGY  ABSORPTION  ENERGY  ABSORPT  ION 


STEEL  B « 


FIG.  49 


ENERGY  ABSORPTION  LATERAL  CONTRACTION 


•a  x '' 


1 2"  PLATE 


SLOW 

BEND 


3*PLATE 


CHARPY 


RESTRAINED 

WELDED 


HATCH 

CORNER 


EMPERATURE 


ENERGY  ABSORPT  ON 


STEEL  Dk 


5t 


ENERGY  /ABSORPTION  LATERAL  CONTRACTION  PERCENT  FIBROUS  FRAUTURE 


ENERGY  ABSORPTION  ENERGY  ABSORPTION 


TEMPLATE 


r\ 


SLOW 

BEND 


• •• 


RESTRAINED 

HATCH 

WELDED 

CORNER 

NOT  TESTED 

NOT  TESTED 

0 30  60  90*90  -60  30  0 30  60  90 

TEMPERATURE,  *F 


r K* 


ENERGY  ABSORPTION  LATERAL  CONTRACTION  PERCENT  FIBROUS  FRACTURE 


absorption 


| 72^PLATE 

• • : 

J 

12"  PLATE 

3"  PL  ATE 

f 

r<~ 

RESTRAINED 

WELDED 

NOT  TESTED 

STEEL  N 


NAVY 

TEAR 

TESf 


NOT  TESTED 


V-RffrOM 


HATCH 

CORNER 


NOT  TESTED 


-800  -ISO  -100  -50 


0 50-250  -200  -150  -100  -50 

TEMPERATURE, *F 


FfG  54 


ENERGY  ABSORPTION  LATERAL  CONTRACTION 


wmn  IMtMT  T9  TOST  POUTS 

tamesTt  tvpc  of 

FAILOOC  IB  PtACIAT  j«W  « 


CIM 

MM 

V 

f\ 

« 

i. 

«ta 

i 

—f 

c 

. / 

>7' 

M 

$ 

• 

J_Ji 

r 

[I 

ENERGY 
TO  '*<> 
HU  LURE 

10  MO 

KXtO  INCH- 

•a 

POUNDS 


M OMOT  TO  TOST  POrtfTS 

I HOI  CATS  TVfS  6F 

■e  !■  py«C-lffl4L — 


sTOKL«.ajte. 


TKMFfSATVM  OF  TOST  •« 

Fl«  Urn.  ENERGY  TO  MAXIMUM  LOAD  YS.  TEMPERATURE 
RELATION  FOR  RE9TRAWED  WELDED  S>BaMENS 
OF  HWH  YIELD  STRENGTH  STRUCTURAL  STEELS . 

MOULTS ,jm  TOST™  UP  »KMW  US0« 

tE'-J  ! I 


QTOfcS.-y-* 


TOUFSOATUM  OF  TOOT  *0 

F1G.AZA  ENERGY  TO  FAILURE  VS.  TEMPERATURE 
RELATION  FOR  RESTRAINED  WELDED  SPECIMENS 
OF  HNH  YIELD  STRENGTH  STRUCTURAL  STEELS 

OIOULTO  OF  TESTS  OF  SFFOdSAS  HMSC  MS  OKU  STOOL  Wt 
o-ooconaeiMM  am  saown  ran  eoMMsneM. 


All*  _ 1 


nn  4#  TMiatnM 
At  art t 


tmmmtmmt  m urn  fku  c x ilk  «nwl  • 
mu  is  f eomkM.LT  memo  smacat 


[i.  . 


S^SSSilSSSSSSin....!... 

i^^KSSSSSSSSSSKSSSSSISS! 

■■■■■■■■■■■■■■■■■■■■■■ 
!■■■■■■■■■■■■■■■■■■■■■■! 


• KNttfm  B«4»«MaM«*iMiCwn«sMti  mtnii>sn»iiaaa 


B»44ftir  mm 


V aM*M  amd  Hjp>  lianOa  dby  jrfo  Mxfc,  ‘/i  and  */•<•>- 


NWH-mauE  srec. 


MWtMMCaiill— H— 
— BBMMBMtgwBMBM 
■HKlptnmanciaBn 


■■■■■■) 
inunniSi 

I— ■■Ml 

■■Mil 


lu«ft  </  mmd  Mgft  fnrfh^yhte  Jtntfa,  '/•.  J,  i‘/«  «W  ll/i  In.  nMmamm 


!■■■■■■■■■■■ ■■■■■■■■■■■■■■■ 

■■■■■■■■■■HBBnHBhW  in  ■ » w » » 
isuiinn  jnHiiilHHMM 

iiniiniipiinniiiniaiiiiJ 
* iiBimniuaniiswiiiMsai 

^^M|aflinai  ■■■■■■■&■■■■■ 
!■■■■■■■■■■■■■■■■■■■ 


UWBC3 ■»■■•«««»  n s? ••€*»«•(«*?  ao*  ««n«e«as 

mm*  «iDKnitim*t7«  rr  n r*  tot«40»»« 

«•  n ti 

«* 

NEAT  IMBI  C00% 

WJf.  66  JVw-tM*  of  W W|^en^  *£*$*  V*»  V*  */«.  T/f*  fv*  *«•  efclefc****** 


ret*  Ttst  hmnstioh  tumeratusc -*r 


RIMMED  SEMI-KILLED, NORMAL  M*. 


SCMI-KCLED,  #85-9  8 A8S-B.AL  TREATED 


T * S 1 « it  il  W i 


;s)i 


■■■■San 


!■■■■ 

!■■■■ 


II  rO  IS  * M 47  «S  44  « 42  4*  15  34  40 

2i  n h h n n n»  n x 

?!  n 14  so  i*  » *r  IT  17  <«  t*  so 

m » n « s 


HEAT  NUMBER  CODE 

f mparmtmnm  of  tnadlutn  akip  plada  atom U V*  */«.  V*  l and  l1/,  in~  tMduaaaaaa,  tu- rolled  condi 


SEMI-KILLED,  NORMAL  Mn  I SEMI-KILLED,  ABS  E TYP£(Mn.6Q60|(  FULLYiCLUED 


imiilin 

iMgnfiifi 


* * * 
d d 

ggs 

o 


.*34  ! I 5 9 II  E IJ  » I 21  3242$2?2S27f#223t  3015  44  M *7 

HEAT  NUMBER  COOC 

Flg.rj  8 Tewr-futt  transition  tempera  lures  of  medium  lit  eel  ’.(rip  piste,  */«  thickness 

Ss!5i£  ^re£fe*£ 


TRANSITION  TEMPERATURE-' 


FIG.  69.  STRESSES  IN  UPPER  DECK  OF  LIBERTY  SKIP 
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